Abstract: This paper evaluates the tribological properties and the state of the surface of Ti6Al4V (Grade 5) titanium alloy. Tribological analysis of samples was conducted at room and elevated temperature (150°C). The wear rate was evaluated with a ball-on-disc tribotester, in accordance with ASTM G-133 norm. For the load of 5N, the average friction coefficient µ, measured at room temperature, was equal to 0.52. Comparative values, µ=0.49, were recorded at 150°C. The wear rate for samples subjected to testing at room temperature amounted to 45.11×10-5 mm 3 N −1 M −1 , whereas at temperature of 150°C there was a rise to 53.01×10 −5 mm 3 N −1 M −1 . The wear rate of the counterbody (ball) at room temperature amounted to 18.35×10 -5 mm 3 N −1 M −1 , while at elevated temperature of 150°C it decreased to 1.79×10 -5 mm 3 N −1 M −1 . 4. During the analysis of the surface after tribological test, loose particles serving as an abradant and plastic deformations of the surface layers were observed.
INTRODUCTION
Tribological wear can be defined as a form of wear of machine part elements as a result of friction which causes the change in weight, structure and physical properties of the surface layer in contact areas. It is the most common type of wear between friction pairs. Hence efforts into increasing the wear resistance of friction pairs material and identifying phenomena emerging during friction. Studying the changes contributes to a better understanding of wear mechanisms and therefore helps to counteract them. These concerns all the materials used for friction pairs [1] [2] [3] [4] .
Currently, one of the most significant structural materials is titanium and its alloys. It can be characterised by high melting temperature (1675 °C). Taking into consideration its mechanical strength and substantial corrosion resistance as well as biocompatibility, its application range becomes extensive. Titanium alloys are widely used in numerous branches of industry including those where elements work at elevated temperatures, such as in the aircraft industry (turbine elements), the shipbuilding industry, the chemical industry or in medicine (for example implant manufacturing). Wanget al. [5] presented thermal oxidation process under water vapor environment on biomedical titanium alloys for 4 h at different treatment temperature changing from 600 °C to 800 °C to improve the surface properties for the application of artificial joints. Practical application of titanium alloys, however, entails certain limitations. What needs to be paid attention to specifically is its lower wear resistance compared to other basic metal alloys. Saravanan et al. [6] presented the sliding wear behaviour of the γ-irradiated Ti6Al4V alloy against the arc deposited TiN surface on SS 316L. Tribological properties of titanium and its alloys influence the course of manufacturing processes, especially those connected with plastic forming, and are frequently a limiting factor as far as their application is concerned [7, 8] . The problem arising during working titanium and its alloys is galling and creation of protrusions on tool surface, which exert a negative impact on the quality of manufactured goods and the durability of tools [9] . Budinski [10] presented that titanium alloys have poor abrasion resistance. Nowadays, there are still attempts to improve their tribological properties through the methods of surface engineering and better understanding of wear mechanisms in relation to the evaluation of the surface condition [11, 12] . The state of the material surface influences multiple properties such as: wear resistance, resistance to abrasive wear and corrosion.
Among titanium alloys it is Ti6Al4V (Grade 5) that has found the widest range of industrial applications. It is a two-phase α+β alloy. In order to improve the tribological properties of the Ti6Al4V alloy, various methods of surface engineering were employed [13] . Garbacz et al. [14] presented that resistance to wear was increased through formation of intermetallic layers on the titanium alloy from Ti-Al configuration, with the use of a duplex method. Another way to raise titanium hardness and surface resistance to abrasive wear was to implant N, O and Si ions. What is necessary for the application of titanium and its alloys in the areas where resistance to wear is required is a better understanding of friction and wear mechanisms, which can therefore lead to improvement of tribological properties with no impact on the remaining ones. Chassaing et al. [15] developed a specific foilworkpiece thermocouple to monitor interface temperature reached during friction contact at high sliding velocities for a Ti6Al4V tribopair. A very useful technique for the analysis of changes in temperature, which can be applied in tribological investigations is thermography [16] [17] .
MATERIAL AND METHODS
A widely applied in industry titanium alloy, Ti6Al4V (Grade 5), served as the object of the study. Its chemical composition is presented in Tab. 1. Samples were cut out of a 30-mm-thick bar. Tribological tests were carried out with the use of a high-temperature tribotester THT 1000 Anton Parr, Fig.  1a . Testing was in compliance with ASTM G133 standards. Ball-on-disc type contact arrangement was applied, Fig. 1b . Titanium alloy samples were in the shape of a disc, 29.5 mm in diameter and 6 mm high. What served as counterbodies were balls, 6 mm in diameter, made of Al2O3. During the tests the load of 5N was applied.
The tests were conducted at 0.3 m/s sliding velocity of the friction pair, on the 8 mm radius. The total sliding distance was set at 400 m. Since Ti6Al4V alloy is used for the production of elements working at elevated temperatures, hence tribological tests were carried out at room temperature (about 26°C) and at elevated temperature (150 °C). The temperature was measured with the use of a thermocouple, fixed 2 mm from the friction surface area. The actual temperature, however, can reach considerably higher values. During the trials, the changes in the value of the following parameters were registered: friction coefficient, friction force and temperature. The frequency of data collection was 10 Hz. Serving as a comparative measure of wear, which takes into account the load and the length of the stroke a new wear rate for a friction pair was calculated in compliance with ASTMG133 and with the use of the following Eq. (1).
where: w d -wear rate, V f -wear volume, F n -loading force, l -length of the stroke (distance).
The measure of the sample wear was a volumetric decrease, which occurred as a wear scar resulting from the interaction between the sample and the counterbody. For that purpose, using a contact profilometer Surtronic 3+, a profile area was measured perpendicularly to the sample wear scars. The measurements were performed on the perimeter of the sample (at ten points). The length of the stroke was 4 mm. Volumetric wear was specified as the product of the average value of the sample wear area and the perimeter of a wear scar circle which appeared during the ball-on-disc test. The following equation was applied (2) .
where: V f -wear volume, A -average cross-sectional area of the track, L -length of the stroke. The counterbody wear was calculated by measuring the diameter of the ball wear with the use of a metallographic microscope. The following equations were applied (3) and (4).
where: r-sphere radius (3 mm), h -spherical cap height, d -spherical cap diameter (experimentally measured) After the completion of tribological tests, the evaluation of the wear surface was carried out. In order to analyse obtained results, the surfaces of samples and counterbodies were examined also prior to tribological testing. During the first stage, surfaces underwent evaluation of roughness Ra parameters, which were measured with a Surtronic 3+ profilographometer prior to and after tribological tests. Afterwards, microscopic examination was carried out. The microstructure of samples was observed at various magnifications with the use of a metalographic microscope, Nikon Eclipse e100. In order to measure the topography and evaluate the mechanism of the samples and counterbodies surface wear, an optical measuring instrument called 3D InfiniteFocus G5 of Alicona was used. Wolpert-Wilson Tukon 2500 was a hardness tester applied for hardness examination. Vickers method was employed. Surface hardness was identified for the load of 1 kg (HV1).
DISCUSSION
The process of material wear depends on multiple factors such as friction pair material type, contact temperature, roughness, load and sliding velocity, hardness and surface condition. Trials conducted with the use of a Surtronic 3+ profilographometer (in compliance with the PN ISO 4288 standard) showed that after grinding the roughness parameter Ra of the frontal surface was similar for all the samples and equalled Ra = 1.23 µm. The average hardness of the sample surface amounted to 328 HV1.
Tribological Testing
What was identified with the use of the equation (2) at the first stage of the tests was volumetric wear. For the load of 5 N, measured at room temperature, it amounted to 0.902 mm 3 . At elevated temperature it was higher -1.062 mm 3 . As far as the counterbody mass wear is concerned, it equalled 0.366 mm 3 for the load of 5 N at room temperature. In this case, elevated temperature translated to considerably smaller wear rate of 0.034 mm 3 .
Having analysed the results of the volumetric wear, it was noticed that along with the increase of the temperature the wear of the samples was slightly higher, whereas for the counterbodies it was lower, which proved the influence of the working sliding contact temperature on material properties. Maximum Herzian stresses for 5 N load amounted to 974 MPa. Fig. 2 presents the volumetric wear of the samples and counterbodies at both room (about 26 °C) and elevated temperatures (150 °C).
Figure 2 Volumetric wear
Major factors taken into account while calculating and characterising wear volume were load and friction distance. Having employed a comparative measure of wear based on both load and friction distance, wear rate for a friction pair was calculated using Eq. (1). Fig. 3 presents the wear rate of the tribological trial for the load of 5 N. Analysing its value, the increase for the samples at room temperature could be observed. 45 .
Figure 3 Wear rate
The mean friction coefficient at room temperature was 0.2, the maximum one 0.5. As far as elevated temperature was concerned, the mean friction coefficient was comparable and amounted to 0.49. The maximum friction coefficient for the same temperature equalled 0.63. Fig. 4 presents alterations of the mean and maximum coefficient at both room and elevated temperatures.
In the course of conducted tribological tests, friction coefficient changes were registered. Fig. 5 demonstrates changes for the load of 5 N registered at a distance of 400 m. As can be seen on the graph below, contact point abrasion took place at a distance of 100 m after which stable work manner was observed. Changes of friction coefficient were highly similar at both room and elevated temperatures. 
Surface Examination after Friction
The next stage of the research consisted in examining the surface after friction. Fig. 6 shows roughness parameter Ra changes after friction at room and elevated temperatures for the load of 5 N. Obtained results were compared to initial roughness from before tribological tests. Before friction, roughness parameter Ra was 1.23 µm. Registered values of parameter Ra, on the other hand, were higher than initially. After friction at room temperature, roughness parameter Ra was registered at the level of 1.62 µm, whereas elevated temperature translated to the increase to 2.06 µm. What influenced roughness parameter Ra were, inter alia, material transferring in a contact area, occurring of solid particles which intensify the abrasive nature of the wear and oxidizing the surface. Then, in order to identify occurring phenomena and wear mechanisms, friction surfaces underwent microscope observations. Fig. 7 shows the surface after friction at room temperature for the ball and the sample. The observed ball wear trace at room temperature is close to the round shape, Fig. 7a . At elevated temperature, however, it is more irregular and closer to the elliptical shape, Fig. 8a . The shape of the ball wear trace, Fig. 7b , is more regular compared to the one at elevated temperature, where plastic material deformation is distinct. A hike of the friction coefficient proving the increase of the friction resistance was not observed. Fig. 8 shows the surface after friction for the ball and the sample at elevated temperature. Wearing is frequently connected to loose abrasive particles, which appear between two wearing surfaces. As a result, both surfaces and particles between them form a system of three bodies.
Plastic deformation of a friction material surface layer, shown in Fig. 9c , frequently leads to the transfer of material onto the other body. During the analysis of the topography local material transfer onto the ball and the sample was observed, Fig. 9a and d . What intensified the process was temperature increase during the tribological tests.
CONCLUSIONS
This paper focuses on the examination of tribological properties and the state of the surface of Ti6Al4V (Grade 5) titanium alloy. As a result of the study the following observations were made: 1) The average volumetric wear of the samples under the load of 5 N at room temperature amounted to 0.902 mm 3 , whereas at elevated temperature there was a rise to 1.062 mm 3 . The average wear rate of the samples at room temperature was 45.11×10 -5 Another phenomenon noticed was local transferring of material onto the sample. These processes were intensified by the temperature increase in the friction area.
Friction type resulting in wear processes influences the solidity and reliability of mechanical devices. Recent rise of the applications as well as the scope of titanium alloy use justify the undertaken experimental research. The reason behind such research is recognising limiting factors regarding the use of titanium alloys in the structures where friction of interacting surfaces occurs and extensive contact load is present (for example plane landing gear legs in aviation, implants in medicine, etc.). The results of presented investigations can also serve as a basis for developing appropriate coatings, which enhance tribological properties of titanium alloys. This, together with its fine durability properties, can enable broadening the range of its applications. In order to ensure satisfactory device durability in long-term operation, it is particularly significant to strive for replacing dry friction with another, preferably fluid friction. The aim is, therefore, to provide friction pairs with lubrication which means sliding friction between the surfaces in interaction. From that point of view, conducted research can be a valuable informative source (regarding surface stereometry after friction) for the proper selection of lubricants for separation of interacting surfaces effectively. Collected research material can also be used while developing (selecting) machining methods which allow conscious and optimised surface development as far as friction is concerned.
The observed wear process is of stable nature which suggests that registered changes, meaning material decrease from the surface, were constant for the whole process. Conducted research showed that predominant wear mechanisms took place through friction and type I coupling. Friction marks shown in the figures above clearly indicate that the wear of the titanium alloy surface layers and a tribotester ball interacting with them was the result of the machining, furrowing, scuffing and cutting influence of the surface irregularities as well as foreign body particles and wear products which were found between the surfaces and were transferred during the process. As proved by the study, what occurred on the friction surface were scratches whose direction corresponded to the direction of movement. Another thing that accompanied the intensive wear of a friction surface was a plastic deformation of the surface layer. In the course of the plastic deformation, local compounds were destroyed and separated. Lifted sample material particles were smeared on the surface. This kind of mechanism is confirmed by the surface topography images with visible marks of material transferring. Based on them, it can be concluded that after sample and tribotester ball surface irregularities approach the area where interatomic forces are active, friction coupling occurs which is followed by detaching such compounds and transferring them onto the friction surface.
